Abstract Mental stress induced left ventricular dysfunction (LVD) has been associated with a greater risk of adverse events in coronary heart disease (CHD) patients independent of conventional risk indicators. The underlying biochemical mechanisms of this cardiovascular condition are poorly understood. Our objective was to use metabolomics technology to identify biochemical changes that co-occur with mental stress-induced LVD in patients with clinically stable CHD. Participants were adult CHD patients who were recruited for mental stress-induced myocardial ischemia screening. For this study, we randomly selected 30 patients representing the extremes of the mental stress-induced left ventricular ejection fraction (LVEF) change distribution; 15 who showed LVD (i.e. LVEF reduction C5) and 15 who showed a normal left ventricular response (NLVR; i.e. a LVEF increase of C5) to three mental stressors. An electrochemistry based metabolomics platform was used to profile pre-and post-stress serum samples yielding data for 22 known compounds, primarily within the tyrosine, tryptophan, purine and methionine pathways. There were significant stressinduced changes in several compounds. A comparison between the NLVR and LVD groups showed significant effects for kynurenine (p = .036, N-acetylserotonin (p = .054), uric acid (p = .015), tyrosine (p = .019) and a trend for methionine (p = .065); the NLVR group showed a significantly greater stress-induced reduction in all of those compounds compared to the LVD group. Many of these biochemicals have been implicated in other stressrelated phenomena and are plausible candidates for mechanisms underlying LVD in response to mental stress.
Introduction
It is commonly recognized that a number of psychosocial factors are associated with poor prognosis in patients with established coronary disease (CHD) (Hemingway and Marmot 1999; Lett et al. 2004; Rozanski et al. 1999) . Transient myocardial ischemia in response to mental or emotional stress may be an important mechanistic link between psychosocial stress and adverse cardiovascular outcomes (Strike and Steptoe 2003) . Mental stress induced myocardial ischemia is common in patients with CHD with prevalence estimates from studies mostly incorporating small sample sizes ranging from 20 to 70 % (Strike and Steptoe 2003) . In a recent study of 310 CHD patients who did not have to have a positive exercise test for enrollment, mental stress induced ischemia was more common than exercise induced ischemia (43.5. vs. 33.8 %) . One criteria for defining mental stress induced myocardial ischemia is a significant reduction of left ventricular ejection fraction (LVEF) (C5 and C8) caused by mental stress test. Such stress induced LVEF reductions (i.e. left ventricular dysfunction or LVD) are believed to reflect the microvascular dysfunction of coronary vessels and have been shown to be associated with a greater risk of adverse events in CHD patients (Jiang et al. 1996; Krantz et al. 1999; Sheps et al. 2002; Babyak et al. 2010) , independent of established risk indicators.
Given the prognostic importance of mental stressinduced LVD, understanding its biochemical underpinnings is an important focus of research. Studies that have investigated mediators of adverse LVEF responses in response to mental stress have been few and have suggested that catecholamines (Kuroda et al. 2000) and processes regulating increases in systemic peripheral resistance (Goldberg et al. 1996 ) may play roles. Those studies, however, focused on one or two variables, an approach that does not take into consideration that the underlying mechanisms whereby mental stress contributes to myocardial ischemia are complex, involving multiple biochemical pathways. For example, studies that have investigated mechanisms of emotional stress-induced blood pressure responses have suggested involvement of multiple influences exerting inhibitory and excitatory influences in the central nervous system (CNS) and in the peripheral sites. Those studies have demonstrated the importance of several tryptophan pathway compounds, such as serotonin (McCall and Clement 1994; Watts et al. 2012; Ramage and Villalón 2008) , kynurenic acid (Stone 2001; Soltis and DiMicco 1992) , and melatonin (Reiter et al. 2005; Tanu et al. 2007; Simko and Paulis 2007) in the regulation of emotional stress-induced cardiovascular changes. Related research points to the importance of tyrosine pathway metabolites, such as dopamine (Lokhandwala and Barrett 1982) and norepinephrine (Schroeder and Jordan 2012) , and purine pathway metabolites (Kanellis and Kang 2005) in the regulation of blood pressure. Such findings suggest the importance of taking a broader approach when characterizing the biochemical underpinnings of the LVEF responses, at least in initial studies in this area.
The study of biochemistry at the global or metabolomics level can contribute significantly to our understanding of mental stress induced LVD. In contrast to traditional biochemical approaches to understanding disease that have often focused on single metabolites or single metabolic reactions, the application of metabolomics technology enables the study of multiple biochemical pathways and has been successfully applied to the study of several diseases including depression (Paige et al. 2007; Steffens et al. 2010; Ji et al. 2011) , schizophrenia (Yao et al. 2010) , cardiovascular disease (Shah et al. 2012; Wang et al. 2011a) , and diabetes (Wang et al. 2011b ). In addition to providing a snapshot of an individual's metabolic status at a single time point, metabolomics technology can also be used to capture the flux in the biochemical pathways in response to perturbations, such as those caused by acute mental stress. Identifying biochemical changes that cooccur with LVD may provide insights into its underlying mechanisms.
In this pilot study we tested the feasibility of applying metabolomics technology to the study of the biochemical underpinnings of LVD using an electrochemistry based metabolomics (LCECA) platform. This platform allowed for the quantification compounds primarily from the tryptophan, tyrosine, and purine pathways; i.e. areas of biochemistry that have been previously shown to play a role in the CNS regulation of stress-induced cardiovascular responses. The goals of this study were threefold: (1) to examine the effects of mental stress on the levels of compounds quantitated by the LCECA, (2) examine whether pre-stress levels of compounds differ between patients with and patients without LVD, (3) examine whether stress induced changes in compounds differ in those patients with LVD.
Materials and methods

Participants
Participants were male and female adult CHD patients, age 21 year or older, who were recruited for mental stressinduced myocardial ischemia screening for the REMIT (Responses of Myocardial Ischemia to Escitalopram Treatment) trial (NCT00574847) (Jiang et al. 2012) . The full inclusion and exclusion criteria of the study have been previously reported (Jiang et al. 2012 ). This metabolomics pilot study consisted of 30 subjects who were randomly selected from the REMIT study population based on the following criteria: significant LVEF reduction C5 from resting to all three mental tasks, i.e. the LVD group (N = 15), and 15 who showed LVEF increases [5 from resting in response to all tests, i.e. normal left ventricular response or NLVR (N = 15). These groups are representative of the upper (i.e. NLVR) and lower (i.e. LVD) 15 % of the distribution of mental stress-induced LVEF responses in the REMIT study.
The study protocol was developed in accordance with the principles of the Declaration of Helsinki. The protocol was reviewed and approved by the Duke University Health System Institutional Review Board and all participants provided written, voluntary, informed consent before participating in any further assessment.
Mental stress testing
A complete description of the study procedures has been detailed previously (Jiang et al. 2012) . Briefly, study subjects underwent two sessions of assessment and testing. On the first day, self-reported demographic, clinical, and psychosocial data were collected. Participants completed the stress testing protocols on the second day between 8 and 11 am at the Duke Cardiac Diagnostic Unit. Prior to stress testing, beta-blockers were withheld upon agreement of patients' cardiologist for 24-48 h, depending on the halflife of the specific medication. Upon arrival, a 19-gauge butterfly needle was inserted in the antecubital vein of the right arm to allow for acquisition of blood samples. Subjects then rested quietly for the next 20 min. to allow hormone levels to return to normal following venipuncture. Following the rest period, participants underwent three mental stress tasks in sequence: Mental arithmetic, Mirror trace, and Anger recall. A rest period of 6 min followed every stress test. Patients completed the mental stress protocol while in a left lateral position to allow for echocardiography, which was conducted during the final 3 min of each rest period and during each mental stress task. Blood samples were collected during rest prior to mental stress testing and at the end of mental stress testing approximately 25 min after the initiation of the first mental stress using a Vacutainer system containing clot activator and gel serum separator. The blood samples were centrifuged within an hour and serum was extracted and stored at -25°C. task. LVEF was calculated by measuring the echocardiographic images of the 2 apical windows (parasternal long-axis, apical 4-chamber, and apical 2-chamber) from a 3-to 5-beat loop via the biplane Simpson's method. The American Society of Echocardiography 16-segment model was used to assess left ventricular wall motion. Each segment was graded and scored as normal (1 = normal or hyperdynamic, score) or abnormal (2 = hypokinetic, 3 = akinetic, 4 = dyskinetic, or 5 = aneurysmal) wall motion. A wall motion score index (WMSI) was calculated as the sum of the segmental wall motion scores divided by the total number of the scored segments. Separate scores were calculated for the wall motion data collected at rest, during each of the three mental stress tests. The Kappa value for the intra/inter variability of wall motion analysis in this study ranges between 0.80 and 0.87.
Metabolomic profiling
Serum samples were shipped in dry ice to a metabolomics laboratory in the Bedford Research Corporation and analyzed using an LCECA platform (Matson et al. 1984; Kristal et al. 2002) . This platform is excellent for quantitating compounds that will undergo electrochemical oxidation or reduction, and includes multiple compounds from the tyrosine, tryptophan, sulfur amino acid and purine pathways, and markers of oxidative stress and protection. At the time of sample preparation, a pool was created from equal amounts of small aliquots of each sample in the study which was treated identically to a sample. This method has been extensively used and validated in prior studies in neurodegenerative and psychiatric disorders (Bogdanov et al. 2008; Rozen et al. 2005) . First, all responses matching the retention and EC signature of compounds in the reference standard were exported in concentration units of ng/ml. Second, all responses matching resolved peaks in the pool of all samples are exported in terms of their relative response to the pool value. The concentrations of these are subsequently estimated by the total coulombs in the peak assuming a molecular weight of 200 and a 2 electron charge transfer. This platform yielded data for 22 known compounds, primarily within tyrosine, tryptophan, purine and methionine pathways. All personnel involved with the metabolomic profiling were blind to the clinical status of the patients and to the time of sample collection (pre-stress vs. post-stress).
Statistical methods
Descriptive statistics were computed for each group and groups were compared using Chi square analysis for categorical variables and t-tests for continuous variables. As most compounds were not normally distributed, we elected to use nonparametric techniques for the primary data analysis. The signed rank test was used to test whether compound changed significantly from pre-to post-stress. Kruskal-Wallis (KW) tests were used to test for differences between the LVD and NLVR groups. When ties were present, the normal approximations for the above KW test statistics were used in the tests. The first set of analyses focused on determining whether any pre-stress levels of compounds differed between the LVD and NLVR groups. A second set of analyses compared pre-to post-stress compound change scores between the two groups. We used percent change scores for this analysis, which were calculated by subtracting the baseline level of each compound from the corresponding post-stress level of each compound and dividing by the pre-stress values. Change was modeled in this fashion as to control for group differences in prestress levels of compounds. A significant KW test in this set of analyses indicates that the magnitude of the stressinduced changes in a particular compound differed between the two groups.
Control of Type I error for the first set of analyses (i.e. Pre-to post-stress change) was effected by applying the Bonferroni correction to alpha = .05 separately for each pathway (i.e. tyrosine, tryptophan, purine, one carbon metabolism, and tocopherols), a method used in previous studies utilizing this platform (Kaddurah-Daouk et al. 2012 ). This correction resulted in a critical alpha value of .008 (.05/6) for tyrosine metabolites, .005 (.05/10) for tryptophan metabolites, .017 (.05/3) for purine metabolites, .025 (.05/2) for the tocopherols, and .05 (.05/1) for methionine. For the two other sets of analysis, univariate tests will be followed by principal component analysis (PCA) with varimax rotation of the ranked scores (i.e. prestress values or stress-induced percent change scores). The purpose of the PCA was to explore whether the group differences observed in the univariate analysis might be better explained by a smaller number of components or factors. Studies have shown that this technique can be effective in identifying reliable solutions in small samples if factors are well defined and their number is limited (de Winter et al. 2009 ). Therefore, in order to extract those factors that are most likely to replicate in the population we examined the scree plot and retained all factors preceding the first major drop in the magnitude of the eigenvalues.
Results
Baseline demographic and clinical characteristics of the study groups are summarized in Table 1 . The LVD and NLVR groups were similar with respect to age (p = .33), gender (p = .33) and race (p = .33). The LVD and NLVR groups were also similar with respect to resting LVEF (p = .69) and resting WMSI. However, the two groups showed very different left ventricular responses to the mental stress protocol. A comparison of the LVEF responses to stress showed a significant difference with the LVD group showing a significant drop in LVEF in response to stress and the NLVR group showing a significant increase in LVEF in response to stress. The LVD group also showed significantly greater increases in the mental stress induced WMSI than the NLVR group.
Results of signed rank tests on change scores of metabolites revealed several significant stress related changes in metabolite levels (Table 2 ). There were significant decreases in several tryptophan pathway metabolites (Idole-3-lactic acid, p \ .001; 3-hydroxykynurenine p \ .001; tryptophan, p = .003; kynurenine, p = .003; and N-acetyl serotonin, p = .022) and tyrosine pathway metabolites (tyrosine, p \ .001; homogentisic acid, p \ .001; and homovanillic acid, p = .014). Among the purine pathway metabolites, uric acid (p = .053) significantly decreased and hypoxanthine (p = .009) significantly increased in response to stress. Mental stress also resulted in a reduction of the sulphur amino acid, methionine (p \ .001). After Bonferroni adjustment, only the changes in tyrosine, homogentisic acid, indole-3-lactic acid, 3-hydroxykynurenine, tryptophan, kynurenine, hypoxanthine, and methionine were significant.
A comparison of pre-stress compound levels across the two groups revealed several significant differences between the LVD and the NLVR groups (see Table 3 ). The LVD group showed higher pre-stress levels of alpha-tocopherol (p = .014), gamma tochopherol (p = .040) and, lower levels of 3-hydroxykynurenine (3-OHKY, p = .033) and 4-hydroxyphenyllactic acid (p = .036). There was also a trend for the LVD group to have lower levels of N-acetyl serotonin (NA5HT) compared to the NLVR group (p = .089). PCA of the pre-stress metabolites revealed 7 components with an eigenvalue above 1. The eigenvalues for the first components were 4.62, 3.56, and 2.05 respectively. Examination of the scree plot resulted in us retaining the first component, which accounted for 21.04 % of the variance. This component was primarily defined by very strong loadings ([.70) for homogentisic acid, and the amino acids tyrosine, tryptophan, and methionine and less strong, but still significant loadings ([.5 and \.70) from Nactylserotonin, 4-Hydroxyphenyllactic acid, and Indole-3-lactic acid. A comparison of the component scores between the LVD and NLVR groups, however, revealed a nonsignificant effect (p = .13).
A comparison of the mental stress induced change scores between the LVD and NLVR groups revealed significant effects for kynurenine (p = .036), uric acid (p = .015), N-acetylserotonin (p = .054), and tyrosine (p = .019) indicating that the LVD and NLVR groups responded differently to the mental stress protocol (Table 4 ; Fig. 1a-d) . In general, mental stress resulted in reductions in these compounds, but the magnitude of those reductions was greater for the NLVR group. The stressrelated methionine reduction was also greater in NLVR group, though statistically it was not significant (p = .065, Fig. 1e) . PCA of the change scores revealed 9 components with an eigenvalue above 1. The eigenvalues for the first three components were 4.98, 2.81, and 2.25, respectively. Examination of the scree plot resulted in us retaining the first component which accounted for 22.64 % of the variance of the change scores. The variables that had LVEF left ventricular ejection fraction, WMSI wall motion score index, DLVEF average LVEF response to the three mental stress tasks, DWMSI average WMSI response to the three mental stress tasks significant loadings ([.5) on this component were: uric acid, kynurenine, tyrosine, methionine, Indole-3-lactic acid, 4-hydroxyphenyllactic acid, indole-3-propionic acid, 3-hydroxykynurenine, and tryptophan. Thus, many of the compounds showing significant pre-to post stress reductions were strongly correlated with this component. This suggests that individuals showing a relatively large reduction in one of those compounds are tending to show a large reduction in the other compounds. A KW test comparing the component score between the LVD and NLVR groups was significant (p = .019) with the NLVDR group showing lower scores than the LVD group. This suggests that the differences in change scores between the NLVR and LVD groups reported above likely reflect a more general tendency for the NLVR group to respond to mental stress with a greater reduction in the compounds that showed significant decreases from pre-to post-stress.
Discussion
This pilot study identified biochemical compounds in several pathways that were significantly different between patients with LVD and patients with a normal left ventricular response to mental stress. To our knowledge, this the first study in humans to have investigated the effects of mental stress on our selected areas of biochemistry primarily compounds of the tryptophan, tyrosine, and purine pathways. Overall, mental stress appeared to exert broad effects on these compounds, resulting in significant changes in 11 of the 22 compounds that were investigated. Given the importance of these pathways to physiological function, such changes may have relevance for understanding stress-disease relationships. Comparisons between the LVD and NLVR groups demonstrated a number of differences in the investigated pathways. Many of these differences appear to be plausibly linked to cardiovascular function and may provide important insight into understanding LVD in response to mental stress. Among the various changes that occurred was a significant stress-induced increase in the purine compound, hypoxanthine. This may reflect mitochondrial dysfunction due to oxidative stress, a condition that is believed to play a role in the etiology of several diseases (Warda et al. 2013) . Mitochondria convert adenosine diphosphate (ADP) to adenosine-5 0 -triphosphate (ATP) which is used as a source of cellular energy. During periods of oxidative stress mitochondria become less efficient in converting ADP to ATP resulting in ADP being shunted to the production of hypoxanthine resulting in an increase in that compound, as seen in this study. There was also a general trend for a reduction in compounds with anti-oxidant properties, such as the tryptophan compound, indole-3-propionic acid (Bendheim et al. 2002) and the tocopherols. These reductions may reflect the utilization of these compounds to limit the damage caused by oxidative stress.
Mental stress also resulted in alterations in the tryptophan, tyrosine, and methionine pathways. Some of the strongest effects were significant reductions in the amino acids tyrosine, methionine, and to a lesser extent tryptophan. A reduction in amino acids in response to acute (Teague et al. 2007 ) and chronic (Xiaoxia Gaoa et al. 2011; Maren Depke et al. 2008 ) stress has been reported in previous studies of rats and most likely indicates an increase in the utilization of these compounds in synthesis of pathway products. Although multiple compounds in the tryptophan and tyrosine pathways showed significant stress-induced changes, the effects were not uniform across all branches. Of the nine tryptophan pathway compounds quantitated by the LCECA platform, five showed significant decreases in response to stress. The tryptophan pathway contains two major branches, i.e. kynurenine and serotonin (Fig. 2) . The significant decreases in tryptophan, kynurenine, and 3-hydroxykynurenine and non-significant changes in 5-hydroxytryptophan (i.e. the precursor to serotonin), serotonin, and 5-hydroxyindoleactic acid, the major metabolite of serotonin suggest that mental stress resulted in a greater alteration of the kynurenine branch of tryptophan metabolism. Levels of N-acetyl serotonin decreased and its precursor 5HT, which in serum is primarily derived from platelet uptake from the enterochromaffin cells in the gut, showed a slight, but non-significant increase. This suggests a possible impact of the stressor on the activity of N acetyl transferase, the enzyme that converts serotonin to N-acetyl serotonin. Indole-3-propionic acid, a product of the clostridium sporogines in the gut microbiome, which acts as both an antioxidant and in the prevention of protein Metabolomics and mental stress-induced left ventricular dysfunction 577 aggregation (Bendheim et al. 2002 ) also declined in response to mental stress. We speculate that this decrease in Indole-3-propionic acid reflects its utilization as an antioxidant secondary to mental stress-induced increase in free radical production. The other possibility is that the decrease in Indole-3-propionic acid is the result of a direct effect on gut production of this metabolite over the course of the mental stress protocol. If this is the case it would have to be specific change in the production of Indole-3-propionic acid by the gut micro flora rather than a general effect on the gut given that there was minimal change in pre-to post-stress levels of serotonin which is produced primarily by the enterochromaffin cells in the gut. Mental stress also appeared to have differential effects on branches of tyrosine metabolism. The significant decreases in tyrosine and homovanillic acid, the major metabolite of dopamine, and the non-significant change in methoxy-hydroxyphenly glycol, the major metabolite of norepinephrine, indicate greater alteration in dopaminergic than noradrenergic function. This would suggest that the mental stress protocol did not evoke an adrenal medulla mediated elevation in norepinephrine. The significant Fig. 1 (a) Stress-induced change in kynurenine in NLVR and LVD groups, (b) Stressinduced change in uric acid in NLVR and LVD groups, (c) Stress-induced change in Nacetyl serotonin in NLVR and LVD groups (d) Stress-induced change in tyrosine in NLVR and LVD groups, and (e) Stressinduced change in methionine in NLVR and LVD groups changes in tyrosine and homovanillic acid may reflect a stress-induced increase in utilization of tyrosine with a subsequent decrease in homovanaillic acid due to the reduction of its precursor (i.e. tyrosine). Alternatively the mental stress protocol might have induced lower activity in the catechol-O-methyltransferase, an enzyme that plays a major role in dopamine degradation, resulting in decreases in the homovanillic acid.
The findings that mental stress resulted in alterations of the kynurenine pathway are particularly interesting because some of those compounds appear to be important for distinguishing between LVD and NLVR groups. Pre-stress levels of 3-hydroxykynurenine acid were lower in LVD group compared to the NLVR group. Mental stress caused a significantly greater reduction in kynurenine, the precursor to kynurenic acid, in the NLVR group than in the LVD group. The involvement of the kynurenine pathway in LVD seems plausible as previous research has suggested that kynurenic acid exerts an inhibitory effect on cardiovascular activity via antagonizing excitatory glutamate receptors in the CNS (Stone 2001; Soltis and DiMicco 1992) and at peripheral sties via acting as endothelium relaxation agent (Wang et al. 2010) . Though speculative, the greater decreases in kynurenine seen among those patients in the NLVR group may reflect a greater utilization of this compound to synthesize cardio-inhibitory compound kynurenic acid.
The N-acetyl serotonin findings are also intriguing. Nacetyl serotonin is the precursor to melatonin, a compound that has been shown to have cardio protective properties via action in the CNS and at peripheral sites (Reiter et al. 2005; Simko and Paulis 2007; Tanu et al. 2007; Dubocovich et al. 2010) . N-acetyl serotonin can function as a melatonin agonist at certain receptors (Oxenkrug 1999) , so it is possible that N-acetyl serotonin might influence stress responses via activation of melatonin receptors. N-acetyl serotonin also appears to have cardiac effects independent of melatonin (Oxenkrug 1999) . Thus, the greater decreases in N-acetyl serotonin seen among those patients in the NLVR group may reflect greater uptake or utilization of these compounds that have been reported to have inhibitory effects on cardiovascular function.
The greater reduction in tyrosine and the trend for a greater reduction in the dopamine metabolite homovanillic acid seen among the patients in the NLVR group may indicate a possible role for dopamine in LVD. Previous reports indicate that dopamine has an inhibitory effect on cardiovascular activity possibly mediated through inhibition of norepinephrine release via activation of the D 2 receptors (Yoon et al. 1994; Végh et al. 1998) . One recent study (Végh et al. 1998 ) of canines administration of the dopamine agonist Z1046 resulted in reduced severity of ischemia (including ST-segment elevation and ventricular ectopic activity) induced by a 25-min occlusion of the left anterior descending coronary artery. Concomitant reductions in arterial blood pressure and heart rate suggest that the anti-ischemic effects of Z1046 were due to inhibition of cardiac sympathetic responses. We did not have direct measure of dopamine in our study, but these results suggest that its measurement may be important future studies examining biochemical mediators of mental stress-induced LVD. Another noteworthy finding included a significant reduction in uric acid, with greater reductions being observed in the NLVR group. Uric acid is believed to be a contributor to endothelial dysfunction (Kanellis and Kang 2005 . Uric acid is also a potent antioxidant in the CNS and is believed to play a protective role in a host of CNS disease due to its neuroprotective properties (Kutzing and Firestein 2008) . Methionine levels also showed a stark decrease in response to stress and this reduction tended to be greater in the NLVR group suggesting a role for the methionine cycle in stress-induced LVD. Methionine and its derivative, S-adenosyl methinione have been shown to have antidepressant effect possibly through DNA methylation (Papakostas et al. 2003; Cantoni et al. 1989; Kagan et al. 1990 ). The potential role of methionine and related compounds to depression may hold relevance to LVEF responses, as depressive symptoms have been shown to be associated with an abnormal mental stress induced LVEF response (Jiang et al. 2003; Boyle et al. 2013) .
Using principal components analysis on the stressinduced change scores we identified one component with significant loadings from many of the metabolites that showed significant pre-to post-stress changes. Among the highest loading change scores were the amino acids tyrosine, tryptophan, and methionine. The NLVR group had significantly lower component scores indicating that this group showed a general tendency to react to mental stress with a greater reduction in compounds measured by the LCECA. At this time, we can only speculate about the mechanism that accounts for the correlated change in these compounds. One possibility is that the reduction in many of these compounds reflects increased uptake into the CNS for utilization in the production of various compounds that are utilized during the experience of mental stress. It is well documented that various compounds in the CNS (e.g. tryptophan products, such as kynurenic acid (Soltis and DiMicco 1992; Miura et al. 2008; Oxenkrug 2013), serotonin (McCall and Clement 1994; Ramage and Villalón 2008; Miura et al. 2008; Oxenkrug 2013) , N-acetyl-serotonin (Oxenkrug 1999; Oxenkrug and Ratner 2012) , and melatonin (Simko and Paulis 2007; Catena-Dell'Osso et al. 2012 ) play roles in modulating physiological and psychological responses during stress. Synthesis of these compounds, which is essential for maintaining healthy neurotransmission, is dependent on the transport of precursor amino acids across the blood brain barrier. Thus, the observation that patients showing adverse cardiovascular responses to mental stress (i.e. LVD patients) showed less reduction in these compounds from pre-to post-stress might suggest that they possess some impairment in their ability to transport amino acids and/or other essential compounds (i.e. kynurenine) across the blood brain barrier.
Such impairments have been shown experimentally to contribute to neurobehavioral dysfunction indicative of anxiety-like behaviors in mice (Coppola et al. 2013 ) and could plausibly contribute to other stress-related phenomena, such as altered cardiovascular function during stress. It is relevant that indices of poor psychological functioning, such as measures of depressive symptoms and anxiety, are associated with stress-induced LVD Miura et al. 2008 ) and/or other pathogenic stress-induced cardiovascular responses (Edmondson et al. 2013) and that many of the CNS metabolic pathways that are believed to play roles in those psychological dimensions also appear to regulate cardiovascular responses to stress (e.g. tryptophan products, such as kynurenic acid (Soltis and DiMicco 1992) , serotonin (McCall and Clement 1994; Ramage and Villalón 2008, N-acetyl-serotonin (Oxenkrug 1999) , and melatonin (Simko and Paulis 2007) . Though plausible, such an explanation is speculative at this time and requires further study.
This study has limitations. The LCECA platform quantitated 22 compounds resulting in a large number of statistical tests, thus increasing the chances for false positives. However, many of the compounds that were different between the two groups are also compounds that have been implicated in other stress related processes. Therefore, this increases our confidence that our findings do not simply reflect chance. The small sample size also limited the power to detect smaller, but still meaningful effect sizes, particularly for those comparisons between the LVD and NLVR groups. With these limitations in mind, the findings of this study and the speculations about mechanisms should be viewed as hypotheses to be tested in a larger cohort and with the application of targeted methods to measure more of the compounds in the pathways investigated in this study.
Conclusion
In summary, this small but novel study utilized metabolomics technology to begin to map the biochemical underpinnings of LVD in response to mental stress. Our data demonstrate that the LCECA platform, specifically, and that metabolomics approaches, in general, hold the potential to elucidate biochemical pathways and networks regulating mental stress induced LVD. Several areas of biochemistry that appear to be plausible candidates for being a mechanistic link between the experience of mental stress and LVD were identified in this study. Such findings allowed for speculation of the underlying metabolic processes involved in mental stress-induced LVD, thus forming the basis for hypotheses to be tested in future studies.
